that in C. pomonella head and midgut, the extent of Z~A compensation is greater for neo-Z genes than for 138 ancl-Z genes.
139
Since differences in data structure may influence median-based estimates, we further examined the 140 distribution of expression levels, which has not been previously performed in any lepidopteran studies. In C. 141 pomonella head and midgut (both sexes), almost the entire distributions of expression levels of ancl-Z genes 142 not only shift significantly toward lower values compared to those of autosomal genes (p < 0.0005,
143
Benjamini-Hochberg-corrected Komolgorov-Smirnov test), but also did not differ significantly from the Table) . Similarly for neo-Z genes, comparisons of expression levels 146 with autosomal genes also well corroborate the median-based assessment. When we extended the same 147 analysis to the M. sexta and H. spp. (head) data sets, we revealed similar shifts toward lower values in both 148 cases, with tests of significant differences for expression level distributions in good agreement with 149 incomplete Z~A compensation as reported in the two original studies (p<0.01, S3 150 Fig) .
151
In addition to supporting median-based assessment of Z~A compensation, our analyses also yield 152 new insights against arbitrarily setting FPKM filtering thresholds to exclude genes with weak expression
153
(also see (Jue, et al. 2013) ). For two data groups with different distributions, removing lower values under a 154 same threshold would naturally compress the median values of both groups and eventually make them 155 statistically indistinguishable. Such a 'compression effect' becomes more substantial when the group with the 156 lower median also has a larger proportion of low values. This happens to be the case when comparing Z-157 linked and autosomal expressions in the lepidopteran data sets, as shown by the distribution of expression 158 levels. As shown in the M. sexta study (Smith, et al. 2014) , increasing FPKM filtering threshold would diminish 159 the Z(Z):AA disparity observed in the unfiltered data (all FPKM>0 values). Under the filtering threshold of 4, 160 the difference begins to appear insignificant. However, a minimum threshold of 4 is not trivially low 161 compared to the median values (~10 and ~12 for Z and autosomes, respectively) and using that threshold, a 162 substantially larger proportion of Z genes (21.6%) are removed compared to autosomal genes (13.4%) (S3 
166
Compared to assessing X~XX or Z~ZZ compensation, which involves the same genes under different 167 'conditions' (in male and female), evaluating X|Z~A compensation is somewhat problematic because it 168 typically involves contrasting the expression between sets of non-homologous genes (i.e., autosomal versus 169 sex-linked). Nevertheless, the essence of X|Z~A compensation is to restore the expression of sex-linked genes 170 to their ancestral levels on the proto-sex chromosomes (Ohno, et al. 1959) , which cannot be measured 171 directly but may be inferred by the expression of their autosomal orthologs in related species (Albritton, et al. 172 2014; He, et al. 2011; Julien, et al. 2012; Lin, et al. 2012; Nozawa, et al. 2014 ). For C. pomonella, orthologs of 173 neo-Z genes are autosomal in most other lepidopterans. We can thus not only confirm but also quantify the 174 expression reduction of C. pomonella neo-Z genes in the head using the existing datasets from M. sexta (Smith, 175 et al. 2014) and Heliconius melpomene (Walters, et al. 2015) . Robustness of this comparative transcriptome Using either M. sexta or H. melpomene as the reference, the neo-Z(Z) : neo-ZZ median ratios were 181 ~0.7 in both sexes, significantly lower than those of autosomal controls (AA : AA ) (p < 5e-05, Bonferroni-182 corrected Mann-Whitney U test, Fig 5A) . This indicates that overall gene expression on neo-Z is equally 183 reduced in both sexes relative to the inferred ancestral expression. However, the expression reduction was 184 not universal among neo-Z genes, with strongly-expressed genes appearing to be better compensated than 185 more weakly-expressed genes. For example, using M. sexta as the reference, the distributions of neo-Z(Z) and 186 neo-ZZ expression are concordant for genes with log 2 (FPKM) values greater than 5 (an arbitrary threshold 187 chosen post-hoc to illustrate this point; Fig 5B) . In contrast, below this threshold, neo-Z(Z) expression is 188 shifted significantly towards lower values compared to those of neo-ZZ (p < 10 -15 , Bonferroni-corrected 10 Komolgorov-Smirnov tests) ( Fig 5B) . This pattern suggests that in C. pomonella, Z~A compensation was local 190 and mostly operated on the most strongly-expressed genes.
191
The comparative transcriptome method does not infer the ancestral expression level of ancl-Z genes.
192
However, ancl-Z(Z) expression also showed a similar ~30% overall reduction in both sexes compared to M. 
207
Considering only genes co-expressed between sexes, which are used to assess Z~ZZ compensation, median 208 autosomal expression was 1.8-fold greater in ovary than in testis (p=0.002, Mann-Whitney U test, Fig 4A) . For 209 both ancl-Z and neo-Z genes, the distributions of F:M expression ratios differed significantly (p<0.05,
210
Benjamini-Hochberg-corrected Komolgorov-Smirnov test) from that of the diploid autosomal baseline, 211 corresponding to 1.9-and 1.5-fold dosage effect respectively.
212
The highly female-biased autosomal expression for co-expressed genes in the gonads is unexpected,
213
which possibly reflects the difference in general transcription intensity associated with oogenesis and 214 spermatogenesis. On the contrary, genome-wide excess of testis-specific genes contribute to a strong male bias in autosomal expression for sex-specific genes in the gonads (see the section below, Fig 6) . Interestingly, 216 the opposing bias from these two subsets of genes (co-expressed and sex-specific) resulted in close median 217 values of overall autosomal expression between ovary and testis ( Fig 4B) . As a reflection of the high 218 divergence, however, overall gene expression between male and female samples was poorly correlated in the 219 gonads (Pearson's ρ=0.12), compared to the head (Pearson's ρ=0.92) or the midgut (Pearson's ρ=0.73).
220
For Z~A compensation, neo-Z expression was significantly higher than ancl-Z expression both in the 221 ovary and testis (p<0.01, Bonferroni-corrected Mann-Whitney U test, Fig 4B) , which is consistent with the 222 pattern in the head and midgut. In contrast, no such difference was observed in the accessory gland (p=1).
223
Among all the tissues, testis and accessory gland had the highest ancl-ZZ:AA and neo-ZZ:AA ratios, which are 224 not significantly different from 1 (bootstrap test, Fig 4C) . This result is in good agreement with the B. mori 225 data, which also show a median ZZ:AA ratio of 1 in the testis (Walters and Hardcastle 2011). In contrast, 226 ovary had the lowest median ancl-Z:AA ratio (0.48) that did not differ significantly from 0.5 (bootstrap tests, 227 Fig 4C) . Although the median neo-Z:AA ratio in the ovary (0.76) was significantly higher than 0.5 (but < 1, 228 bootstrap tests), the distribution of neo-Z expression levels did not differ significantly (p=0.2) from the 229 distribution of computationally-simulated monoallelic autosomal expression levels (S2 Fig, Table S2 ). It thus 230 appears that in the reproductive tissues, both ancl-Z and neo-Z genes are expressed at levels consistent with 231 underlying chromosome ploidy and there is not a mechanism operating to compensate dosage. This 232 observation contrasts the lack of gene dosage effect between sexes both in the head and midgut, and suggests 233 the exclusion from dosage compensation in the reproductive system.
234
Additional evidence supporting this conclusion comes from the comparative transcriptome analyses.
235
The expression levels of both neo-ZZ and AA represent gene expression in the unmodified diploid state. The 236 neo-ZZ : AA ratios of median expression estimated from head tissues in both reference species were close to 237 1.1, which were significantly (bootstrap tests) higher than the expected value of 1 (S4 Fig) . Strikingly, this 238 value of 1.1 coincides with the neo-ZZ:AA ratios of median expression in C. pomonella testis and accessory 239 gland (1.13 and 1.14, respectively), while these ratios were significantly (bootstrap tests) less than 1.1 in all 240 the other tissues ( Fig 4B) . This unique consistency between species in median expression of neo-Z relative to 12 autosomes suggests that neo-Z gene expression in the male reproductive tissues reflects ancestral expression 242 levels, a pattern that is consistent with the absence of dosage compensation. Studies on various species, including lepidopterans, have shown that sex chromosomes typically have 247 unusual complements of genes that are expressed predominantly in one sex (sex-biased genes), especially in 248 the germline (Arunkumar, et al. 2009; Khil, et al. 2004; Lercher, et al. 2003; Parisi, et al. 2003; Reinke, et al. 249 2004; Saifi and Chandra 1999) . Walters et al (Arunkumar, et al. 2009 ) suggested that in B. mori, over-250 representation of strongly-expressed testis-specific genes on the Z chromosome could account for the 251 exceptional ZZ:AA ratio in the testis, yet this explanation was not directly tested. To further address this issue,
252
we explored the interplay between genomic distribution of tissue-specific genes and dosage compensation 253 patterns in C. pomonella. We identified tissue-specific genes and normalized the numbers of tissue-specific 254 genes to the total numbers of expressed genes on each chromosomal location (autosomes, ancl-Z and neo-Z 255 segments). Here, tissue-specific genes are defined via differential expression as having consensus up-256 regulation in a particular tissue as compared to any other tissue for a given fold change (FC) cutoff value. For 257 head and midgut, few differentially expressed genes were identified between the sex-specific samples (20 and 258 8 for the head and midgut, respectively), which were hence pooled to re-calculate FPKM in order to reduce 259 complexity of the analysis.
260
Although testis-specific genes were generally overrepresented in the genome compared to other 261 tissue-specific genes, the ancl-Z segment harbored a much larger proportion of testis-specific genes than 262 either the autosomes or the neo-Z segment (Fig 6) . This pattern was significant at all FC cutoff values (p < 263 0.05, Fisher's exact test) and became more pronounced with increasing FC thresholds. Notably, at FC =128 264 the proportion of testis-specific genes was twice as large on the ancl-Z segment as on the autosomes. In 265 contrast, head-and midgut-specific genes were significantly underrepresented on the ancl-Z segment (p < 266 0.05, Fisher's exact test). Patterns on the neo-Z for testis-, head-and midgut-specific genes similarly trended 267 13 in the directions noted for the ancl-Z, but were not statistically significant (p > 0.05, Fisher's exact test).
268
Accessory gland-specific genes tended to be more prevalent on both the ancl-Z and neo-Z segments relative to 269 the autosomes, but the pattern were not statistically significant. However we note that the lack of significance 270 might 271 reflect low statistical power because the total number of genes expressed in the accessory gland per se is half 272 as many as those expressed in the head. In addition, we used EdgeR to identify differentially expressed genes 273 under stringent false discovery rate (FDR < 0.05, p values for FDR < 0.05), so the number of tissue-specific 274 genes recovered may be an underestimation.
275
Highly-biased expression is typically associated with high expression levels. Indeed, all the subsets of 276 tissue-specific genes, particularly the testis-and accessory gland-specific genes, were among the most highly- Fig 2B) .
280
Therefore, it appears that the nonrandom genomic distribution of tissue-specific genes did not confound the 281 assessment of Z~A compensation in C. pomonella. In particular, this result lends confidence to the notion that 282 the distinct Z:A ratios reflect largely unmitigated dosage effects and that dosage compensation is absent in 283 reproductive tissues.
284
Sex-biased gene expression is typically associated with sexual dimorphism and, accordingly, representation of head-and midgut-specific genes, since these genes do not involve sex-specific expression.
289
We suggest that the lack of general Z~A compensation in the head and midgut would make the Z 290 chromosome a suboptimal environment for genes that require high expression, hence drive selection for their 291 relocation to the autosomes. Consistent with such a scenario, the neo-Z and the ancl-Z segments both showed deficit in head-and midgut-specific genes but to different extent, which corresponds to the differential Z~A 293 compensation between the two chromosomal segments.
295
Inconsistencies between P. interpunctella and other lepidopteran species may reflect analytical 296 artifacts 297 Dosage compensation is typically conserved in taxa with highly-conserved sex chromosomes like the 298 Lepidoptera. In that respect, the pattern (Z < ZZ ≈ AA) reported in P. interpunctella (Harrison, et al. 2012) 299 seems peculiar since both the more basal species (C. pomonella) and the more derived species (B. mori, M. 
